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total of nine field experiments were performed, with 28 days of exposure each. Visible leaf injuries, carbon

























different regions of the world, including Sao Paulo City, in
southeastern Brazil. Sao Paulo possesses a large and aging
automotive fleet and presents climatic conditions favoring O3
formation throughout the year.Therefore,O3 is theatmospheric
pollutant thatmost frequentlyexceeds the legal standardsofair
quality in SaoPaulo (78ppbhourlymean,CETESB,2010).Ozone
enters in the leaves through stomata during gas exchange and
causes the formation of reactive oxygen species, such as
superoxide, peroxide and hydroxyl radicals. Responses to the
oxidative stress caused by these radicals include ultrastructural
changes,changes intheconcentrationsofantioxidantsubstances,




Although not as evident as leaf injuries, the reduction of
photosynthesisisanaspectofgreatimportancebecauseitimplies
a lower availability of energy to maintain the organism and to
repairdamage,thusaffectingtheantioxidantsystem(Dizengremel
et al., 2008; Ainsworth et al., 2012) and sometimes occurs in




The O3–induced responses in plants can be used in the
biomonitoring of air quality. Biomonitoring provides biological
significance to physicochemical monitoring (Manning, 2003). A
bioindicatorspeciessumsupthecomplexityofthefactorsthatcan
causedamagetovegetation,asozonelevels,stomataluptakeand
defensive plant systems, highlighting the exposure of plants and
vegetationtostress(Smithetal.,2003;Burkeyetal.,2012).

Little is known about theO3 sensitivity of tropical and sub–
tropical species. Most of the studies in these regions used
bioindicator species from the Northern Hemisphere adapted to
environmental conditions thataredifferent from those that they
are exposed to in these regions. For example, in the city of Sao
Paulo a weak correlation between O3 concentrations and leaf
injurywasverifiedinNicotianatabacumBel–W3(Sant’Annaetal.,
2008;Espositoetal.,2009;Silvaetal.,2012).Oneofthepossible
causesof this result is that climatic conditions, suchas temperaͲ
ture and global solar radiation, can also cause oxidative stress.
Therefore, aside from atmospheric contamination, local climatic
conditions aredetermining factors in thephysiological responses
of plants. Thus, it is necessary to identify native tropical species
thatwillallow theprecisebiomonitoringofairpollution in these
areas.ThegoalofthisstudywastoverifywhetherIpomoeanil(L.)
Roth. ‘Scarlett O’Hara’ (Convolvulaceae), anO3–sensitive species
(NouchiandAoki,1979),issuitableforbiomonitoringinsuchcities
as Sao Paulo. Because it is native to tropical America, we
hypothesize that this species is adapted to the local climatic
conditions, which include frequent short–term oscillations of
temperature, radiation and relative humidity, and would, thus,
produceamoreprecisebioindicatorresponse.







Field experimentswere conducted in a park situated in the
cityofSaoPaulo(23°35’S–46°39’W,805masl),Brazil.Theparkhas
an area of 526ha (100ha of forested area), it is completely
surrounded by the city and by means of heavy traffic, so it is
characterizedasanurbanarea.Vehicularandbiogenicemissions
of a small remnant of forest are the precursors of ozone in this







With a population of 11million habitants, Sao Paulo is the
largest city of Latin America. Its topography and climate are
unfavorabletothedispersionofpollutantsandthermalinversions
are common in winter (Silva et al., 2012). The climate is sub–
tropical,with rainy summer and drywinter, but the seasonality
isn’t marked and changes in meteorological conditions are




The concentrations ofO3weremonitored continuouslywith
an analyzer (APOA–306CE, Horiba, Japan). Hourly O3 concenͲ
trations were used to calculate AOT40 (accumulated ozone
exposureoverathresholdof40ppbhduringdaylighthours).The






Seedsof Ipomoeanil ‘ScarlettO’Hara’weregerminated ina
substrate composed of Pinus bark and vermiculite (3:1) and,
thereafter, transplanted to plastic pots containing the same
substratum. Plantswere kept in the greenhouse under charcoal
filtered air and fertilized weekly with 50mL of NPK solution
(10:10:10).Atthebeginningofeachexposure,plantshadapproxiͲ
mately 60days after germination and 12leaves. In each field
experimentwere used eighteen plants previously numbered and













All the eighteen plants were observedmacroscopically and
witha10xhand lens in thedaysofgasexchangemeasurements.
Leaf injurywasevaluated in thesixth–andseventh–oldest leaves
at intervalsof5%ofthesurfacearea. Injurieswerenotevaluated
in older leaves (first to fifth) because the leaf life–span of this
speciesisshortandtheywereinanadvancedstateofsenescence






Carbon assimilation under saturating light conditions (Asat)
and stomatal conductance (gs)weremeasured using an infrared
gasanalyzersystem(LCPro+,ADC,Hoddesdon,UK)equippedwith
a light source.Measurementsof carbon assimilationunder satuͲ
ratingPAR(400μmolm–2s–1)wereperformedforeachexperiment





The results of leaf injuries, Asat and gs in each field experͲ
imentwere comparedwith a nonparametric analysis of variance














in spring (34°C, 7th experiment), whereas the lowest RH was
recorded inwinter, but the averageswere similar during all the
year. Winter was the period with the lowest rainfall too. The
highest GSR was measured in the spring. Comparing to the

















1(autumn) 20(11–30) 81(38–98) 14 114 654
2(autumn) 17(8–28) 78(31–98) 12 19 21
3(autumn) 17(7–27) 81(38–98) 11 52 211
4(winter) 17(11–28) 76(25–98) 13 81 161
5(winter) 18(10–33) 74(18–98) 15 13 516
6(winter) 17(9–33) 82(25–97) 14 101 103
7(spring) 21(14–34) 80(24–99) 17 114 196
8(spring) 19(11–32) 80(28–99) 20 110 19
9(spring) 21(14–33) 82(24–97) 18 223 284
 
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ThemaximumAOT40weremeasured in the 2nd experiment
(654ppb),duringautumn,andthe lowestwasobserved inthe8th
experiment,inthespring.Ozoneisthemainpollutantaffectingair
quality in thecityofSaoPaulo,being registeredatanaverageof











TypicalO3–induced leaf injuries, characterized by interveinal
chlorosis (Nouchi and Aoki, 1979; Dafre–Martinelli et al., 2011),
occurred in allof the fieldexperiments,but their severity varied
overthestudyperiod(Figure1),beingmoreintenseintheautumn









In addition to the low O3 concentrations, the frequent
fluctuations of climatic conditions in Sao Paulo must also have
contributedtothemoderateleafinjuries,becausethisregiondoes
not have a defined seasonality, and large daily fluctuations in
temperature and precipitation are common. This prevents the
occurrenceoflongperiodswithhighconcentrationsandallowsthe










during which the highest (7th experiment) and lowest (8th
experiment) valueswere recorded. Stomatal conductance varied
less thanAsat (Figure2b),peakingduring theexperiments in the
autumn and in the fifth experiment in the winter. The lowest













two axes (Figure3 and Table2). Themajor variables associated




The PCA diagram allowed the detection of amain gradient
polarizedbythenegativecorrelationbetweenAsatandinjury.Also
evident isthecontributionoftheoppositionbetweenAOT40and
gs to the variance described by the PCA first axis (Figure3).
Elevated radiation levels promote ozone formation and, as




the reduction of Asat, a possibility thatmust be investigated in
)LHOGH[SHULPHQWV
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
futurestudies.Thephotosyntheticapparatusmaybedamaged in




effect ings (Figure3).Stomatal conductancewas correlatedwith
relative humidity,whichwas lower in periodswhen AOT40was
higher.ThereisatransitoryenhancementofAsatafterthedrought
period accompanied by average stomatal conductance values
whichcanbetheresultofthecombinationofsomewhathigherRH
valuesandhightemperatures(Figure2).Moreover,theopposition
between AOT40 and gs indicates that the O3 uptakemay have
been limited by the low stomatal conductance. Thismay be the
cause of the presence ofmoderate injury, as besides concentraͲ
tions of O3 were not high, they occurred in periods of high
temperatures and low relative humidity,when the flux into the
leaveswasreduced.

The reducedO3 uptakewould have enabled the antioxidant
defense system to face O3–induced stress, at least partially, as
notedbyAlvesetal.(2011)andDafre–Martinellietal.(2011)that
analyzedthesameplantsused inthepresentstudy.According to
Bienertetal. (2007),hydrogenperoxide (H2O2) isthemoststable
reactiveoxygenspecies,and itcanactasasignalingmoleculefor
the activation of responses by the antioxidant system or
programmed cell death upon accumulation in tissues (Rao and
Davis,2001;Dizengremeletal.,2008).Alvesetal.(2011)verifieda
negative correlation between the accumulation of H2O2 and an
increase in the concentration of O3, suggesting that H2O2 is
degraded during episodes of higher pollution, as there was no
relationship between O3 and cell death. Dafre–Martinelli et al.
(2011) verified that the redox status of I. nil changed with an
increaseofO3,mostly in reactions involving ascorbic acid,which
must have given the plants some tolerance against O3–induced
stress. The same responsewas verified by Ferreira et al. (2012)
withthesamespecies.Thus,evenwithO3enteringtheleaf,there
wasnocelldeath(Alvesetal.,2011)ortheconsequentformation
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Table 2. Accumulated and explained variance (%) on each axis and the
association between biological variables (Asat, carbon assimilation rate
undersaturating light;gs,stomatalconductance; injury,visible leaf injury)
andclimaticvariables (RH, relativeairhumidity;Temp, temperature;GSR,


















Asat, gs and leaf injuries in Ipomoea nil varied with the
environmentalconditions.Therewasanopposing trendbetween
AsatandbothleafinjuryandAOT40.Leafinjurywascharacterized
by moderate chlorosis, but ozone levels are not high and the
inverserelationshipbetweengsandAOT40indicatethatO3uptake
would be gs–limited. These results show that the species has
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